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A wireless power transfer experiment suitable for senior physics undergraduates that operates
between 3 and 4 MHz is described and demonstrated in detail. The apparatus consists of a pair
of identical resonant coils that can be moved relative to one another. A signal generator circuit
is inductively coupled to the transmitting coil using a single loop of wire. Likewise, a single loop
of wire couples the receiving coil to a load impedance. A matching circuit was used to tune the
impedance of the system of coupled resonators to match the 50-Ω output impedance of the signal
generator. A low-cost vector network analyzer was used to characterize the system performance as
the distance between the pair of coils was changed. When the distance between the transmitting
and receiving coils was small, a double resonance emerged. The frequency difference between the
pair resonances was inversely proportional to the distance between the coils. After the system was
fully characterized, it was operated with up to 20 W of incident power. Our measurements revealed
that, at weak coupling, the fraction of the incident power lost to radiation increases linearly with
the distance between the coils. Finally, we were able to transmit enough power to dimly light a
60-W incandescent light bulb.
I. INTRODUCTION
In 2007, a team of researchers at the Massachusetts
Institute of Technology (MIT) led by Marin Soljacˇic´ de-
veloped an efficient non-radiative wireless power trans-
fer (WPT) system for mid-range distances.1 Here, mid-
range implies that power is wirelessly transferred over a
distance that is several times greater than the largest di-
mension of the transmitter/receiver device. The scheme
relies on the resonant coupling from a high-Q receiver to
a high-Q transmitter. This resonant coupling is acheived
via overlap of the non-radiative envanescent fields of the
pair of devices. To enhance the reach of these evanescent
waves, the transmitter/receiver is designed to be many
times smaller than the free-space resonant wavelength.2
Mid-range WPT can be implemented via a coupling to
either evanescent electric or magnetic fields. Magnetic
coupling offers two key advantages: (1) Most common
materials are nonmagnetic. Therefore, objects placed be-
tween the transmitting and receiving resonators will typi-
cally only weakly affect the power transfer efficiency.2 (2)
High-Q resonators with evanescent magnetic fields that
extend far outside the bodies of the resonant elements
can be made very easily using inexpensive and easy-to-
find materials. This point is particularly relevant to the
development of novel projects for undergraduate labora-
tories. In this work, identical resonant transmitter and
receiver coils were made using 1/4-inch copper tubing
that can be found at most hardware stores.
The WPT system used in the experiments presented
in this work is shown schematically in Fig. 1(a). A single
loop of wire, called “Loop t” in the figure, is connected
to a signal generator via an impedance matching circuit.
The resonant frequency of the transmitting loop is tuned
using capacitor Ct. Magnetic flux from this loop is induc-
tively coupled to a nearby self-resonant coil referred to as
“Coil t”. The mutual inductance between the transmit-
ting loop and coil is characterized by coupling constant
κt. The WPT receiver is made using an identical loop
and coil with coupling constant κr. The receiver loop is
terminated by a load impedance ZL. The goal is to ef-
ficiently transfer power from the signal generator to ZL
while the transmitting and receiving coils are separated
by a distance that can be several times greater than the
diameter of the coils. The coupling of the evanescent
magnetic fields from one coil to the other is represented
by the coupling constant κ in Fig. 1(a).
Circuit models that can be used to analyze (and op-
timize) WPT systems have been developed by several
researchers. See, for example, the review by Hui et al.
and references therein.3 Although we do not repeat this
type of analysis here, it is worth noting that students
that have completed a course in electronics should be
able to reproduce many of the key results. In one partic-
ularly useful analysis, Cheon et al. examined the case in
which the transmitting and receiving loops and coils all
have the same resonant frequency. In this case, the in-
put impedance of the WPT system will equal to ZL, the
impedance terminating the receiving loop, provided that
the coupling constants satisfy the condition κtκr/κ = 1.
If, under these conditions, ZL is matched to the out-
put impedance of the signal generator (typically 50 Ω),
none of the incident power will be reflected back to the
generator.4
This impedance matching condition can be used to il-
lustrate why the so-called four-coil system (transmitting
loop and coil and receiving loop and coil) can be used for
efficient mid-range WPT while a two-coil system, such as
a simple transformer, is ineffective at these distances. At
mid-range distances, the coupling constant κ in a two-coil
system is inversely proportional to the cube of the dis-
tance x between the coils. Furthermore, the power trans-
fer efficiency η is proportional to κ2 such that η ∝ x−6.
Therefore, as x is increased to mid-range distances, the
ar
X
iv
:1
81
2.
00
51
3v
1 
 [p
hy
sic
s.e
d-
ph
]  
5 N
ov
 20
18
2(a)
(b)
receiving loop
directional coupler
VNA
matching C
matching L
power detectors
transmitting loop
50-   load
coil set
(c)
RF generator
RF amplifier
amplifier
power supply
60-W light bulb
FIG. 1. (a) Schematic diagram of the WPT setup. The signal source can be either Port 1 of a VNA or the amplified output
of a signal generator. The two diodes labeled DR and DI represent diode detectors used to measure the reflected and incident
power, respectively. As shown in (b), “Loop t” and “Loop r” are located within “Coil t” and “Coil r”, respectively. (b) Digital
photograph of the WPT setup while using the low-cost VNA and a 50-Ω load. (c) A digital photograph of the WPT setup
while using the signal generator, power amplifier, and a 60-W incandescent light bulb.
power transfer efficiency drops rapidly.3 In the four-coil
system, however, the additional coupling constants κt
and κr offer a mechanism to tune the power transfer ef-
ficiency even when a relatively large separation between
the transmitting and receiving coils results in a small κ
value. As long as the product κtκr can similarly be re-
duced so as to satisfy the matching condition κtκr/κ = 1,
efficient power transfer can be achieved at mid-range dis-
tances.
In this paper, we describe our experiments with a sim-
ple four-coil WPT setup. We used an inexpensive vector
network analyzer (VNA) to characterize the system at
3low powers (−17 dBm, 20 µW) and an RF power ampli-
fier, bi-directional coupler, and power meters for mea-
surements at high powers (up to 20 W). In our experi-
ments, the coupling constants κt and κr were kept fixed
and we achieved impedance matching using an external
circuit as was done by Duong and Lee in Ref. 5.
We first measured how the magnitude of the signal
reflected back to the generator, |S11|, varied with the
distance x between the transmitting and receiving coils.
We then showed that, at all distances investigated, |S11|
could be tuned to be zero at the resonant frequency us-
ing the impedance-matching circuit. At small values of x,
the system exhibited two distinct resonances. We showed
that the frequency splitting between the resonances was
inversely proportional to x. We also investigated the sen-
sitivity of the system’s matching conditions to variations
in the load impedance ZL. Finally, while operating at
high powers, we measured the power-transfer efficiency
as a function x and used this information to deduce how
much power was lost to radiation. After fully character-
izing the WPT system, it was used to dimly light a 60-W
incandescent light bulb.
As a teaching tool, the WPT experiment offers two key
benefits. First, the experiment introduces students to the
VNA. VNAs are now ubiquitous in RF and microwave re-
search laboratories around the world. However, due to
their high cost, these instruments are not typically found
in undergraduate laboratories. Because the WPT sys-
tems operate at relatively low frequencies (< 10 MHz),
an inexpensive VNA can be used to characterize and op-
timize the system performance. We purchased the 1 kHz
to 1.3 GHz DG8SAQ VNWA 3 from SDR-Kits for $600
USD and used it for all of the VNA measurements de-
scribed here.6
The second key benefit is that this experiment appeals
to a subset of physics undergraduates with a special in-
terest in applied physics. The goal of most of the projects
offered to students in a physics lab course is to either mea-
sure a physical property of a material, measure a physical
constant, or to demonstrate an interesting physical phe-
nomenon. In contrast, while still being rich in physics,
the objective of the project described here is to optimize
an apparatus so that it can perform a useful function
– the efficient wireless transfer of power from source to
load over a mid-range distance. Furthermore, the fact
that mid-range WPT remains an extremely active area
of research helps drive student interest in the project.
II. DESIGN OF THE FOUR-COIL WPT
SYSTEM
The design of the coils used in our experiments was in-
spired by the WPT apparatus developed by D. Sherman
and his students in the Advanced Physics Lab course at
Cornell College in Mount Vernon, Iowa.7 A list of the all
of the equipment and materials used in our experiments
is given in the appendix. Where appropriate, possible
vendors are suggested and estimates of costs given.
The transmitting and receiving coils were made from
a 7.58-meter length of standard 1/4-inch copper tub-
ing typically used for compressed air and water sup-
ply lines. As shown in Fig. 1, the copper tubing was
wrapped around the midsection of 55-gallon industrial
plastic drum and held in place using plastic zip ties. The
finished coils consisted of 12 turns of copper tubing with
a diameter of 58 cm and a spacing of 1.9 cm between each
turn.
The transmitting and receiving loops were made from
18-AWG copper magnet wire. A single loop of wire was
run along the inside wall of the plastic drums and held in
place with zip ties and tape. Series capacitors Ct and Cr
were used to set the resonant frequency of the two loops.
Each of Ct and Cr were made using nine 470 pF, 6.3 kV
ceramic capacitors. Three sets of three series capacitors
were combined in parallel to make a net capacitance of
470 pF capable of handling the power required to make
the filament of a 60-W incandescent light bulb glow.
The tunable impedance-matching circuit was made us-
ing a 0–22µH variable air-roller inductor and a parallel
combination of two 22–1017 pF variable air-gap capaci-
tors. For the high-power measurements, the signal was
supplied by a Rohde & Schwarz SMY02 signal genera-
tor and a 30-W power amplifier manufactured by Mini-
Circuits. A bi-directional coupler was placed between the
amplifier and matching circuit so that the incident and
reflected power could be measured. For all of the low-
power measurements, the signal generator and amplifier
were replaced by the VNA from SDR-Kits. Since the
VNA was only used to make reflection coefficient (S11)
measurements, only port 1 (TX) of the device was used
in our experiments.
III. WPT SYSTEM PERFORMANCE
This section describes the measurements used to char-
acterize the performance of the WPT system.
A. Impedance matching and coil separation
If Z = R+ jX is the effective impedance of the four-
coil system terminated by ZL, then the impedance
Zin = Rin + jXin looking into the matching circuit is
given by
Rin =
R(
R
|Z|
)2
+
{
ω |Z|C
[
1− X/ |Z|
ω |Z|C
]}2 (1)
Xin = ωL−
ω |Z|2 C
[
1− X/ |Z|
ω |Z|C
]
(
R
|Z|
)2
+
{
ω |Z|C
[
1− X/ |Z|
ω |Z|C
]}2 , (2)
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FIG. 2. |S11| versus the distance x between the centers of the two coils. The green circles represent |S11| measured using
the VNA when L and C of the matching circuit were set to achieve a good match at about 3.4 MHz when d = 98 cm. The
orange squares represent |S11| measured using the VNA when L and C of the matching circuit were readjusted to achieve a
good match at each value of x. For clarity, only a fraction of the all the data points measured for each curve are shown. The
dashed lines represent |S11| measured using the bi-directional coupler while operating the system at high powers (∼ 10 W). (a)
x = 98 cm. (b) x = 81 cm. (c) x = 58 cm. (d) x = 40 cm.
where |Z| = √R2 +X2. Although Eqs. (1) and (2) are
somewhat complicated, the essential point is that Rin de-
pends only on the value of C while Xin is determined by
both C and L. This fact is what makes the matching
circuit, called an “L-match”, so useful. To get the maxi-
mum power transfer to the load impedance ZL, one tunes
the matching circuit until none of the incident signal is
reflected back to the source. The reflection coefficient
S11 at the input of the matching circuit is given by
S11 =
Zin − Z0
Zin + Z0
, (3)
where Z0 = 50 Ω is the output impedance of the signal
generator. Therefore, the conditions required for zero
reflection and, as a result, maximum power transfer are
Rin = Z0 and Xin = 0.
This impedance matching is achieved by first adjust-
ing C until Rin = Z0 and then tuning L until Xin = 0.
5The DG8SAQ VNWA 3 data acquisition software allows
the user to simultaneously display Rin and Xin as a func-
tion of frequency which makes the impedance matching
process relatively straightforward. For completeness, we
note that a measurement of S11 can also be used to de-
termine Rin and Xin. Equation (3) can be used to show
that
Rin
Z0
=
1− |S11|2
1− 2< [S11] + |S11|2
(4)
Xin
Z0
=
2= [S11]
1− 2< [S11] + |S11|2
, (5)
where |S11|2 = < [S11]2 + = [S11]2 and < [S11] and = [S11]
are the real and imaginary parts of S11, respectively.
Figure 2(a) shows |S11| as a function of frequency as
measured by the VNA after completing the impedance
matching process. For this measurement the center-to-
center distance between the transmitting and receiving
coils was x = 98 cm and the receiving loop was termi-
nated with a load impedance ZL = 50 Ω. At the system’s
resonant frequency of 3.45 MHz, |S11| is nearly zero indi-
cating that no power is being reflected back to the source
(port 1 of the VNA). Away from the resonant frequency,
|S11| > 0.9 indicating that almost all of the incident sig-
nal in reflected back to the source.
For all VNA measurements, a calibration plane was
established at the free end of a coaxial cable connected
to port 1 of the VNA. The calibration was done using
the calibration standards (open, short, and 50-Ω load)
supplied by SDR-Kits and the DG8SAQ VNWA 3 data
acquisition software. The purpose of the calibration is to
correct for any imperfections (losses and spurious reflec-
tions) in the cable and connectors used to connect the
device under test to port 1 of the VNA.8,9
As shown in Fig. 1(b), the VNA measurement was done
with the bi-directional coupler placed between port 1 of
the VNA and the input of the matching circuit. This was
done in anticipation of the high-power measurements in
which the signal generator and power amplifier were used
in place of the VNA. The dashed line shown in Fig. 2(a)
shows |S11| extracted while using an incident power of
approximately 10 W. We automated this measurement
using a LabVIEW program that stepped the signal gen-
erator through a range of frequencies and recorded the
incident and reflected powers from the bi-directional cou-
pler at each step. It is important to note that the reflec-
tion coefficient is defined as a ratio of voltages, therefore,
in terms of power |S11| =
√
Pr/Pi, where Pi and Pr are
the root-mean-square (rms) incident and reflected pow-
ers, respectively. In Fig. 2(a), the |S11| curves measured
using the VNA and the directional coupler are in good
agreement.
Next, without making any changes to L and C of the
matching circuit, the distance x between the transmit-
ting and receiving coils was reduced to 81 cm and the
low- and high-power |S11| measurements were repeated.
The results are shown by the green circles and dashed
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FIG. 3. Minimum of |S11| as a function of the separation
distance x between the two coils. The matching circuit was
tuned to produce a good match to 50 Ω when x = 98 cm. See
the data shown by green circles in Fig. 2.
line in Fig. 2(b). The minimum value of |S11| at the
resonant frequency is slightly increased indicating that
more of the incident power is reflected back to the sig-
nal source. Clearly, decreasing the distance between the
transmitting and receiving coils increases the coupling
constant κ. However, since the transmitting and receiv-
ing loops are fixed within their respective coils, the cou-
pling constants κt and κr remain unchanged. Recall that
the matching condition for a four-coil WPT system is
given by κtκr/κ = 1. Therefore, changing κ while keep-
ing the other coupling constants fixed is expected to de-
grade the impedance match of the WPT system. As the
green circles in Figs. 2(c) and (d) show, the mismatch
becomes even greater as the distance between the coils
is further reduced. Notice that, at the closest spacing
shown in Fig. 2(d), a double resonance emerges. The ori-
gin and properties of this double resonance will be dis-
cussed in Sec. III B. Figure 3 shows that, if a good match
is established at x = 98 cm, then the minimum of |S11|
increases approximately linearly as x is decreased.
We conclude this section by showing that the matching
circuit can be used to reestablish a condition of zero re-
flection at all of the values of x examined. For x = 81, 58,
and 40 cm the orange squares in Fig. 2 show the measured
|S11| after tuning the matching circuit. At all three po-
sitions, |S11| ≈ 0 at the resonant frequency. Notice also
that the resonant frequency changes slightly as x is var-
ied. In Fig. 4, we show the values of C and L required
to achieve a match to the source impedance of 50 Ω for
values of x ranging from 34 to 98 cm.
The measurements of C and L were made by using
the VNA to measure the complex reflection coefficient
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FIG. 4. The values of the matching (a) capacitance C and (b) inductance L as a function of the separation distance x between
the resonant transmitting and receiving coils.
of a signal incident on the capacitor/inductor. For an
impedance that is completely imaginary, |S11| = 1 and
Eq. (5) simplifies to
Xin
Z0
=
= [S11]
1−< [S11] . (6)
One can then determine the capacitance from
C = 1/ (ωXin) or the inductance from L = Xin/ω.
Using this method, the values of C and L required to
achieve impedance matching were found to increase ap-
proximately linearly with x. Notice also that both plots
in Fig. 4 have y-intercepts that are close to zero. This
result is consistent with the condition that the four-coil
WPT system should be matched to the source impedance
when κtκr/κ = 1. In our experimental geometry κt and
κr are both fixed and expected to be close to one. In
this case, the WPT system is expected to be impedance
matched, without the use of the matching circuit, when
κ ≈ 1. Under these circumstances, all of the magnetic
field lines that pass through the transmitting coil would
also have to pass through the receiving coil, a condition
that would necessarily be satisfied if x could be set to
zero.
B. Double resonance when x is small
We next turn our attention to the double resonance
that was observed in Fig. 2(d) when x = 40 cm.
When identical resonators are coupled in some man-
ner, the coupled system exhibits a double resonance and
the frequency splitting depends on the strength of the
coupling.10–12 Figure 5(a) shows a simple circuit model
in which identical resonators, treated as LRC circuits,
are coupled via shared magnetic flux. In this model, it is
assumed that the left circuit is driven by a voltage source
supplying vin. The mutual inductance M between the
two circuits is given by κL where κ is a coupling constant.
By Faraday’s law of induction, an emf proportional to i1
is induced in the right circuit and an emf proportional
to i2 is induced in the left circuit. Figure 5(b) shows an
equivalent circuit for the coupled resonators that explic-
itly includes in the induced voltages.
Kirchhoff voltage loops around each of the circuits
yields the following system of equations
vin + jωMi2 − i1
(
R+
1
jωC
+ jωL
)
= 0 (7)
jωMi1 − i2
(
R+
1
jωC
+ jωL
)
= 0, (8)
which can be solved for the two unknown currents i1
and i2. Completing this analysis shows that the currents
each exhibit a double resonance with resonant frequencies
given by
ω′± ≈ ω0
(
1± κ
2
)
, (9)
where we have assumed weak coupling and underdamped
(high Q) resonators.12 In this expression, ω0 = 1/
√
LC is
the resonant frequency of the individual resonators in the
zero-coupling limit. The frequency splitting, therefore, is
proportional to the coupling strength and given by
∆ω = ω′+ − ω′− ≈ κω0. (10)
The transmitting and receiving coils of the WPT sys-
tem were designed to be identical and their coupling is
7(a) (b)
FIG. 5. (a) A pair of identical resonators, modeled as LRC-circuits, coupled via shared magnetic flux. (b) Equivalent circuit
for the coupled resonators. The left-hand circuit induces an emf proportional to i1 in the right-hand circuit. The right-hand
circuit induces an emf proportional to i2 in the left-hand circuit.
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FIG. 6. (a) The |S11| double resonance measured at five values of x between 33 and 49 cm. At each value of x, the matching
capacitance and inductance were tuned to produce a good match at the frequency of the low-frequency minimum. (b) A plot
of the difference in frequency ∆f between the minima of the double resonance versus the inverse of the distance between the
coils.
determined by the spacing of the coils. Once the coils
are close enough that κω0 becomes appreciable, a double
resonance should emerge. Figure 6(a) shows |S11| mea-
sured at five different spacings ranging from x = 33 to
49 cm. At each value of x, the impedance matching cir-
cuit was tuned to make |S11| = 0 at the lower of the two
resonant frequencies. The double resonance is clearly ob-
served in each measurement and, as expected, the great-
est frequency splitting occurs at the smallest x (i.e., at
the strongest coupling). This measurement was done at a
total of 18 different values of x and Fig. 6(b) shows that
the frequency splitting varies linearly with x−1. These
data suggest that, at small separation distances, the cou-
pling strength κ is proportional to x−1.
C. The dependence of |S11| on ZL
In this section, we consider how the load impedance
ZL terminating the receiving loop affects |S11|. In a real-
world application, one might imagine a fixed transmitter
delivering power to a mobile receiver. Furthermore, de-
pending on the particular situation, the receiver may be
required to drive a variable load impedance. Intuitively,
one expects a variable load to present more of a challenge
when the WPT coils are relatively strongly coupled and
be less of an issue when the coupling is weak.
We measured the dependence of |S11| on ZL when
x = 98 cm and then again when x = 40 cm. For these
measurements, we started with ZL = 50 Ω and tuned the
matching circuit such that |S11| = 0 at the resonant fre-
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FIG. 7. The dependence of |S11| on the load impedance ZL terminating the receiving loop (Loop r in Fig. 1(a)) when (a)
x = 98 cm and (b) x = 40 cm.
quency. We then varied ZL and, without making any
changes to the matching circuit, observed the response
of |S11|. We considered only resistive loads (20, 50 and
100 Ω) and open- and short-circuits.
Figure 7(a) shows that, when x = 98 cm (weak cou-
pling), the changes to |S11| are modest and a relatively
good match to the source impedance, at the resonant
frequency, is maintained for any value of ZL. These mea-
surements were repeated at x = 40 cm and the results are
shown in Fig. 7(b). Due to the close spacing of the coils,
the double resonance discussed in the previous section is
seen in the data. In stark contrast to the 98 cm data,
|S11| is seen to depend very strongly on the value of ZL
and a poor match to the source impedance results when
ZL deviates from 50 Ω.
It is worth noting that this mid-range WPT system is
designed for distances that are up to several times greater
than the coil diameter. With a coil diameter of 58 cm,
a separation distance of 40 cm would not be typical in
a practical application. Therefore, it is reasonable to
infer that variations of the load impedance ZL would not
typically be expected to degrade the performance of a
commercial mid-range WPT system.
D. Power transfer efficiency
Section III A demonstrated that the bi-directional cou-
pler can be used to make reliable measurements of inci-
dent and reflected power. This section, describes our
use of the directional coupler to determine the efficiency
with which incident power was transferred to the load
impedance ZL as the coil separation distance x was var-
ied.
At each value of x, we first used the VNA to tune
the matching circuit such that |S11| = 0 at the resonant
frequency. Next, the VNA was removed and replaced
with the signal generator and power amplifier. The fre-
quency of the signal generator was set to the known
resonant frequency and its output power, as measured
by the power meter monitoring the “forward” port of
the bi-directional coupler, was in the range from 7.1 to
7.4 W. At this point, the signal generator frequency and
the values of C and L in the matching circuit were fine
tuned while monitoring the reflected power at the “re-
flected” port of the bi-directional coupler. The fine tun-
ing was done so as to achieve the lowest possible reflected
power. After fine tuning, the reflected power was typi-
cally 4 mW ± 50%, which corresponds to a reflection co-
efficient of |S11| ≈ 0.02± 0.01.
The impedance ZL terminating the receiving loop was
a 50-Ω load capable of dissipating 100 W. The voltage
across ZL was monitored using a digital oscilloscope and
probes with a 10:1 attenuation setting. The transmit-
ted power Pt was then calculated from the measured rms
voltage: Pt = V
2
rms/ZL. Finally, the fraction of the in-
cident power Pi that was deliver to ZL was determined
from η = Pt/Pi. Figure 8 shows η measured as a function
of the coil separation x.
For separations less than 50–60 cm, the power trans-
fer efficiency was approximately constant at 0.87± 0.02.
For values of x above 60 cm, the efficiency decreased lin-
early with x falling to 0.28 at x = 98 cm. The fraction of
reflected power, given by |S11|2, is negligible and losses
in the copper coils and loops are likewise expected to
be relatively small. Therefore, the fraction of incident
power that is not absorbed by ZL must be lost predom-
inantly to radiation. That is, a fraction of the magnetic
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FIG. 8. The fraction of the incident power transmitted to
the 50-Ω load impedance as a function of the coil separation
distance x.
flux generated by the transmitting coil, rather than be-
ing coupled to the receiving coil, is radiated to free space.
Our measurements suggest that this radiated power in-
creases linearly with coil separation beyond some critical
value of x.
Finally, we replaced the 50-Ω termination with a
60-W incandescent light bulb and attempted to trans-
fer enough power to visibly light the bulb. A coil sep-
aration x = 58 cm was used and the incident power was
20.4 W. Before applying the high power, the VNA was
used to tune the matching circuit while the light bulb
was cold and the DC resistance of the filament was mea-
sured to be 16.7 Ω. After applying the high power, the
filament heats and its resistance increases enough that an
improvement in performance can be gained by fine tun-
ing the signal generator frequency – an implementation of
the so-called adaptive frequency tuning.13 After adjust-
ing the frequency to 3.48 MHz, the rms voltage across the
filament of the light bulb was measured to be 42.4 V and
the reflected power was 5.4 W. This reflected power could
have been reduced by fine tuning C and L of the match-
ing circuit, but this step was not completed. Figure 1(c)
shows a photograph of the WPT apparatus being used
to light the incandescent bulb.
To find the transmitted power, it was first necessary to
determine the resistance of the heated filament. We ap-
plied the same rms voltage to the light bulb at 60 Hz and
measured the resulting current. The filament resistance
was found to be 141 Ω. One might worry that, due to
the skin effect, the resistance of the filament at 3.48 MHz
would be higher than it is at 60 Hz for the same tem-
perature. However, at 2000 ◦C tungsten has a resistivity
of 67µΩ cm which gives a skin depth of δ ≈ 220 µm at
3.48 MHz.14 A typical coiled-coil tungsten filament in a
60-W bulb has a diameter of 46 µm which is much less
than our calculated δ and suggests that the resistance
measurement at 60 Hz should be a good approximation
to the resistance at 3.48 MHz.15 Therefore, the power
transferred to the bulb was estimated to be 12.8 W. As
a result, the fraction of power lost to radiation and dis-
sipation within the WPT apparatus is estimated to be
≈ 0.11 which is in reasonable agreement with the effi-
ciency versus x data shown in Fig. 8.
IV. SUMMARY
A four-coil WPT apparatus was designed and con-
structed. A low-cost vector network analyzer was used
to characterize and optimize the system’s performance.
Using a tunable impedance-matching circuit, the magni-
tude of the reflection coefficient |S11| could be set close to
zero for a wide range of separation distances x between
the transmitting and receiving coils. At small separation
distances, a double resonance emerged due to the rela-
tively strong coupling between the two identical resonant
coils. The frequency spacing between the two resonances
increased linearly with the x−1 suggesting that, at small
separations, the coupling constant κ is proportional to
x−1. It was demonstrated that, at large values of x, the
load impedance ZL terminating the receiving loop has
very little affect on |S11|, whereas the affect is large when
x is small. It is worth noting that, for WPT systems de-
signed for mid-range distances, the double resonance and
the strong dependence of |S11| on ZL at small values of
x are not likely to be of great importance.
Next, the VNA was replaced with a signal generator
and power amplifier for high-power operation. The effi-
ciency with which incident power was transferred to ZL
was measured as a function of x. The efficiency was con-
stant at ≈ 0.87 up to x = 50 cm and then decreased lin-
early with x, falling to 0.28 when x = 98 cm. Finally, the
WPT system was used to illuminate a 60-W light bulb. A
power of 12.8 W was successfully transferred to the bulb
over a coil separation distance of 58 cm.
This experiment is particularly well suited for students
with an interest in applied physics. In contrast to most
of the experiments offered to physics undergraduates, the
goal of investigating mid-range WPT methods is funda-
mentally to develop real-world applications. The experi-
ment presented, however, is still rich in physics.
To conclude, we suggest some further investigations
that could supplement or extend the measurements de-
scribe above. (i) The coupling constants κt and κr could
be varied by allowing the transmitting/receiving loops to
be moved relative the their respective coil. This modi-
fication would allow one to try to achieve the required
impedance matching condition κtκr/κ = 1 without the
need of a separate impedance matching circuit. (ii) In
our experiments, we varied only the separation distance
of coils. One could also examine the system’s response if
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the axes of the cylinders are displaced laterally or ro-
tated with respect to one another.5 (iii) For students
with an interest in programming, automated adaptive
tuning algorithms could be developed. These could in-
clude matching circuits with switchable values of C and
L,5 or an implementation of adaptive frequency tuning in
which one takes advantage of the fact that the resonant
frequency depends weakly on the coupling constants.13
(iv) As was done by D. Sherman and his students, rather
than purchase a relatively expensive RF power amplifier,
one could design their own low-cost switch-mode ampli-
fier for the high-power experiments.7 (v) In our experi-
ments, the load impedance ZL (50-Ω load or 60-W bulb)
was driven by the RF signal at approximately 3.5 MHz.
In a real-world application, one would first rectify the sig-
nal and drive the final load with a DC voltage. Students
with an interest in RF electronics could investigate the
design of a rectifier circuit suitable for a WPT system.16
(vi) Finally, it is also possible to design WPT systems
that capacitively couple a transmitter and receiver via
electric fields.17
Appendix: Parts and Suppliers
This appendix provides a list of the equipment required
to reproduce all parts of the WPT experiment described
in this paper. Where appropriate, vendors and cost esti-
mates are also provided. The VNA and matching circuit
components are required for the low-power characteriza-
tion and tuning of the WPT apparatus. All other RF
test equipment is required only for the high-power mea-
surements.
VNA – Research quality VNAs are gener-
ally very expensive and not found in under-
graduate labs. We used a USB VNA sold by
SDR-Kits (https://www.sdr-kits.net/). The
DG8SAQ VNWA 3 has a dynamic range of 90 dB up to
500 MHz and can be used up to 1.3 GHz at a reduced
dynamic range. The data acquisition software for the
DG8SAQ VNWA 3 is freely available from the SDR-Kits
website. Its cost, including calibration kit, ranges from
$530 to $640 depending on the options selected.
Matching Circuit – To construct the impedance-
matching circuit, two M73 22–1017 pF variable air-gap
capacitors from Oren Elliott Products were combined
in parallel (http://www.orenelliottproducts.com/).
At the time of purchase, these cost $106 each. The
impedance-matching circuit also used a 22µF air-roller
variable inductor from MFJ Enterprises which cost $54
(http://www.mfjenterprises.com/).
Signal Generator – Our measurements at high power
made use of a Rohde & Schwarz SMY02 9 kHz to
2080 MHz signal generator capable of outputting a maxi-
mum of 19 dBm (80 mW) of power. A suitable substitute
would be the B&K Precision 4017A 0.1 Hz to 10 MHz
signal generator with an output power up to 24 dBm
(250 mW) (http://www.bkprecision.com/). The man-
ufacturer’s suggested retail price is $459.
RF Power Amplifier – We used the Mini-Circuits
LZY-22+ 100 kHz to 200 MHz, 30 W amplifier
(https://www.minicircuits.com/). This ampli-
fier can withstand both open- and short-circuits at its
output. Its cost is $1595 on the Mini-Circuits website,
however, we purchased this unit secondhand from an
online auction website for approximately half this price.
Note that LZY-22+ amplifier is designed to be powered
using a 24 V/5.5 A DC power supply. The VOLTEQ
HY3006D 30 V, 6 A DC power supply, for example, can
be purchased for $120 (http://www.volteq.com/).
Bi-directional Coupler – Our experiments used the
OSR Broadcast Research C21A8 bi-directional coupler.
Its useful frequency range is 15 kHz to 1500 MHz, has a
power rating of 200 W, and a coupling of 40 dB. OSR
Broadcast Research no longer has an online presence. A
substitute bi-directional coupler from Mini-Circuits is the
ZABDC50-150HP+ which costs $90. Its useful frequency
range is 0.4–15 MHz, has a power rating of 100 W, and a
coupling of 50 dB.
Power Meter/Sensor – Our power measurements were
made using Boonton 42B power meters with Boonton
41-4E power sensors. The Mini-Circuits ZX47-50-S+
power detector can be used from 10 MHz to 8 GHz to
measure powers from −45 to +15 dBm and costs $90.
Most manufacturers quote a minimum usable frequency
of 10 MHz for their power sensors. Our measurements
typically spanned 2.5–5.5 MHz and we have found that
reliable power measurements can still be made using
these sensors. Digital oscilloscopes with bandwidths
above 10 MHz are now common. An oscilloscope with
a voltage resolution of 1 mV could be used to measure
powers across a 50-Ω load as low as 20 nW (−47 dBm).
50-Ω Termination – For all high-power measurements,
the receiving loop was terminated using either a 60-W
incandescent light bulb or a 50-Ω load. The C3N50 N
termination from Centric RF is a suitable 50-W load that
costs $125 (http://centricrf.com/).
Copper Tubing – Flexible 1/4-inch cooper tubing used
to form the transmitting and receiving coils can be found
at most hardware stores. The cost is approximately $1
per foot. The 55-gallon industrial plastic drums that the
copper tubing was wrapped around can also be found at
many hardware stores and costs approximately $70.
Miscellaneous – The WPT experiments also required
18-AWG magnet wire to form the transmitting and re-
ceiving loops, capacitors to set the resonant frequency
of the loops, coaxial cables, and various RF connector
adapters. All of these components can be purchased from
Digi-Key Electronics (https://www.digikey.com/).
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